The present study examined the cellular regulation of one of the pharyngeal dilator muscles, the geniohyoid, by assessing its motor unit (MU) behavior in anesthetized cats. During spontaneous breathing, MU that (a) were active during inspiration only (I-MU) and (b) were active during both inspiration and expiration (I/E-MU) were identified. I-MU had a later inspiratory onset time and a shorter duration of inspiratory firing than did I/E-MU (P < 0.002 and P < 0.0001, respectively). I-MU were usually quiescent whereas I/E-MU were usually active during the last 20% of inspiration. I/E-MU fired more rapidly (P < 0.00001) and for relatively longer periods of time (P < 0.00001) during inspiration than during expiration. End-expiratory airway occlusion (preventing lung expansion during inspiration) augmented the inspiratory activity of both I-MU and I/E-MU. Conversely, end-expiratory airway occlusion reduced the absolute and relative firing durations (P < 0.002 and P < 0.00002, respectively) and the firing frequency (P < 0.001) of I/E-MU activity during expiration. These results indicate that (a) the complex pattern of pharyngeal dilator muscle activity is due to the integrated activity of a heterogeneous group of MU, (b) changes in the degree to which pharyngeal dilator muscles are active result from combinations of MU recruitment/decruitment and modulations of the frequency and duration of MU firing, and (c) gating of lung-volume afferent information occurs during the respiratory cycle.
Introduction
Upper airway patency may be impaired under a variety of circumstances, including after administration of anesthetics and sedatives, as a result ofa variety ofneurological conditions leading to alterations in the level of consciousness, and during sleep (1) (2) (3) (4) (5) (6) (7) . The 3 March 1989. to remain patent in the face of subatmospheric intraluminal pressures produced during inspiration (6-1 1). The electrical and mechanical activity of the pharyngeal dilator muscles is influenced by many ofthe same stimuli which affect breathing (9, (12) (13) (14) (15) (16) (17) (18) (19) (20) , allowing the upper airway musculature to act synergistically with the thoracic respiratory muscles in responding to ventilatory perturbations.
A motor unit (MU)' consists of a single motoneuron and the muscle fibers it supplies, and is the fundamental entity by which activation ofa striated muscle is controlled (21) . During graded contractions, the force output of limb skeletal muscles is augmented both by increasing the frequency of MU firing and by the recruitment of additional MU. For the diaphragm and phrenic nerve, subpopulations of MU exist, and the responses of these subpopulations to chemical and mechanical stimuli are well characterized (22) (23) (24) (25) . Although MU recordings from the hypoglossal nerve have been reported previously (12, 26, 27) , this nerve innervates multiple upper airway muscles with diverse mechanical actions: muscles that dilate the pharynx (the genioglossus muscle, which protrudes the tongue, and the geniohyoid muscle, which moves the hyoid arch anteriorly), muscles that narrow the pharynx (the styloglossus and hypoglossal muscles, which both retract the tongue), and muscles with as yet uncharacterized effects on upper airway patency (the intrinsic tongue muscles, which alter the shape of the tongue). This functionally mixed motor innervation precludes application of data on hypoglossal nerve activity towards a clear understanding of the cellular control of pharyngeal patency, and in addition, may contribute to discrepant views regarding the influences of pulmonary stretch receptor afferents on upper airway muscle activity during expiration (12, (28) (29) (30) (31) (32) . In the present study we therefore recorded electrical activity from MU of a well-defined pharyngeal dilator, the geniohyoid muscle (8, 9, 11, 19, (33) (34) (35) Electrical activity was recorded from single MU of the geniohyoid muscle using either the above conventional electrodes or bipolar tungsten electrodes. The latter electrodes were fabricated from two insulated 0.005-in diam tungsten microelectrodes (A-M Systems, Inc.), whose tips were glued together so that their tapered ends were < 0.5 mm apart (25, 36) . Coiled fine wire connected each electrode to a set of amplifier leads, and electrical recordings were amplified (P51 1, Grass Instrument Co.), displayed on an oscilloscope (model 5513, Tektronix, Inc., Beaverton, OR) to monitor size and shape of MU impulses, recorded on the oscillographic recorder, and fed to an audio monitor. Single-and pauci-MU recordings were passed through a time-amplitude window discriminator (DIS-1, Bak Electronics, Rockville, MD), and the discriminated pulses were displayed on the oscilloscope and/or recorded on the oscillographic recorder.
Diaphragm, geniohyoid muscle, and geniohyoid MU electrical activities were recorded while the animals spontaneously breathed 7% CO2 in 02 or 100% 02. In previous work we found that in anesthetized cats the geniohyoid muscle was rarely electrically active during resting oxygen breathing ( 19) , and this was also the case in the present study. We therefore obtained most of the electrical recordings from geniohyoid MU while the animals inspired the hypercapnic gas mixture to ensure that MU with a broad range of CO2 thresholds were assessed.
MU were distinguished in the same animal by contralateral location, different firing patterns of any type during simultaneous recording, and inspiratory versus inspiratory/expiratory firing patterns during nonsimultaneous recording while the animal inspired the same gas mixture. The recordings of MU activity were obtained both ipsilateral and contralateral to recordings of EMG from the whole muscle. After baseline MU firing patterns were recorded, the effects of lung volumerelated afferents were assessed by occluding the inspiratory port of the respiratory valve during expiration, thereby preventing lung expansion during the subsequent inspiration (end-expiratory occlusion), or by occluding the expiratory port of the respiratory valve during inspiration thereby maintaining lung expansion during the subsequent expiration (end-inspiratory occlusion). MU firing patterns were related to the inspiratory and expiratory phases of the respiratory cycle. The onset and offset times of geniohyoid MU firing were related to the onset ofeach respiratory phase, and expressed both in seconds and as a percentage ofthe duration ofthe corresponding respiratory phase. The rate of MU firing was quantified both as the number of impulses per phase of the respiratory cycle, and as the mean rate of firing while active during both inspiration and expiration. The mean rate of firing while active was calculated from the number of impulses during each phase ofthe respiratory cycle and the duration oftime over which these impulses occurred.
MU firing patterns and firing frequencies were averaged for 5-10 cycles during unoccluded breaths immediately preceding each occluded breath; the data associated with each occluded breath were averaged for each MU. Subsequently means±SE were determined for the group of MU. Further statistical analyses included the paired t-test, the unpaired t-test, and linear regression using least-squares analysis. The criterion for statistical significance was P < 0.05. Frequency histograms of the relative onset and offset times ofthe geniohyoid MU are depicted in Fig. 2 . Most ofthe I-MU started to fire between 5% and 20% of inspiratory time (Ti), although four I-MU had a later onset. In contrast, over half of the I/E-MU had an inspiratory onset of < 5% of inspiratory time, and all were active by 20% ofinspiratory time. The mean relative inspiratory onset time was significantly earlier for the I/E-MU than for the I-MU (5±1% Ti vs. 18±3% Ti; P < 0.002). Once inspiratory activity had commenced, 21 of 23 I/E-MU were active for the remainder of inspiration, and in most cases I/E-MU firing continued without interruption into expiration. In contrast, 17 of23 I-MU ceased firing well before the end of inspiration (the mean offset time for all 23 I-MU was 69±4% Ti) (Fig. 2) . The result ofthe later onset and earlier offset times was that the mean duration ofI-MU firing (52±5% Ti) was significantly shorter than the mean duration of I/E-MU inspiratory firing (92±2% Ti); P < 0.0001).
The expiratory activity of most I/E-MU started at expiratory onset and usually was an uninterrupted continuation of inspiratory activity (Figs. 1 and 2 ). For all but two I/E-MU, expiratory activity ceased before the end of expiration. Expiratory offset times were distributed broadly for I/E-MU (Fig.   2 ). The mean expiratory offset time for all I/E-MU was 73±3% of expiratory time (Te), and the mean duration of expiratory firing was 68±5% Te. The relative duration ofexpiratory firing was significantly shorter than the relative duration of inspiratory firing for the I/E-MU (P < 0.00001). (C and D) MU that were active during both inspiration and expiration (I/E-MU). Raw and moving average EMGs are depicted from the whole geniohyoid muscle (GH), geniohyoid MU (GH-MU), and the diaphragm (D). In B and C, acceptance pulses from the window discriminator are also indicated as unipolar spikes which correspond to GH-MU activity. Flow and tidal volume (VT) traces are depicted with upward deflections of the traces indicating inspiratory airflow and lung expansion, respectively. Time calibration, 2 s.
be expected based on their shorter mean duration of inspiratory firing. The mean frequency of inspiratory firing was not significantly different for the two groups of MU, however. For the I/E-MU the number of impulses per inspiration was significantly greater than the number of impulses per expiration (16±2 vs. 10±1; P < 0.0001), and furthermore, the mean frequency of inspiratory firing was significantly greater than the mean frequency of expiratory firing (23.5±1.6 vs. 15.7±1.3 impulses per second; P < 0.00001). Effects of preventing lung expansion during inspiration. Occluding the airway at end-expiration prolonged the duration of the subsequent respiratory cycle, especially inspiratory time (from 0.74±0.04 to 1.54±0.17 s) but also expiratory time (from 0.93±0.04 to 1.07±0.06 s). Several examples of the effects of preventing lung expansion during inspiration on the firing patterns of geniohyoid MU are shown in Fig. 4 . The absolute inspiratory onset times of the MU were not altered during end-expiratory occlusions. However, the absolute and relative durations of inspiratory firing were significantly prolonged for both the I-MU and the I/E-MU (Figs. 4 and 5) . All MU whose inspiratory activity continued until the end of inspiration during control breaths (n = 27) showed this same pattern of activity during end-expiratory occlusions. All MU whose inspiratory activity during control breaths terminated before the end of inspiration (17 I-MU and 2 I/E-MU) increased their relative time active during inspiration and delayed their relative inspiratory offset time (Fig. 6) . Furthermore for these latter MU there were linear correlations between control and end-expiratory occluded breaths for relative time active (r = 0.763, P < 0.001) and relative offset time (r = 0.484, P < 0.05).
Preventing lung expansion during inspiration also augmented the frequency of geniohyoid MU firing (Fig. 5) , on average increasing from 20.2±1.6 to 25.8±2.0 impulses per second for the I-MU and from 23.3±1.7 to 27.4±2.2 impulses per second for the I/E-MU. Increases in inspiratory firing frequency in response to end-expiratory airway occlusion occurred both during the time corresponding to the control portion of inspiration and during the time corresponding to the lengthened portion of inspiration (Fig. 7) . As (Fig.  8) . For the group of I/E-MU prevention of lung expansion during inspiration reduced the absolute firing period (P < 0.002), the relative firing period (P < 0.00002), the number of impulses per breath (P < 0.0001) and the mean frequency of firing (P < 0.001) during the subsequent expiration.
Effects of maintaining lung expansion during expiration. Recordings were obtained from 19 I-MU and 17 I/E-MU during end-inspiratory airway occlusions. On average expiratory time increased from 0.90±0.05 to 2.73±0.35 s. All I-MU remained silent during expiration when lung expansion was maintained (Fig. 9) . The expiratory activity of I/E-MU was substantially stimulated by maintaining lung expansion during expiration (Figs. 9 and 10 ). Both the absolute and relative durations of MU firing were prolonged for all 17 I/E-MU, and for the group of MU these prolongations were statistically significant (P < 0.00002 and P < 0.001, respectively). The increase in the relative duration of activity resulted mainly from a delay in the relative offset time (from 72±4 to 95±3% Te; P < 0.0001), as the expiratory onset times were altered only minimally. Maintaining lung expansion during expiration also significantly increased the number of impulses per expiration (P < 0.0001) and the mean frequency of expiratory firing (P < 0.002) of the geniohyoid I/E-MU (Fig. 10) .
Maintenance of end-inspiratory lung expansion during the subsequent inspiration was performed while activity was recorded from nine I-MU and five I/E-MU (Fig. 9) Abbreviations and conventions are the same as in Fig. 1 ofthe mandible and inserts onto the freely movable hyoid arch (9, 34, 35) . Contraction of the geniohyoid dilates the pharyngeal airway and stabilizes the pharynx against collapsing forces D_ 2s Figure 9 . Examples of the effects of end-inspiratory airway occlusion on firing patterns of geniohyoid MU (GH-MU). (A) Two MU, one of which was active during inspiration only (I-MU) and the other of which was active during both inspiration and expiration (I/E-MU). (B) MU that was active during inspiration (I-MU) of unobstructed breaths, and whose activity was substantially attenuated at an elevated lung volume. Abbreviations and conventions are identical to those of Fig. 1 (8, 9, 11, 19, 33) . Located inferiorly to the genioglossus muscle, the geniohyoid muscle is a major contributor to the "submental" EMG recorded using surface electrodes in human subjects (37) (38) (39) . The electrical activity of the geniohyoid muscle is phasically modulated during the respiratory cycle, and is influenced by many of the same chemical and mechanical stimuli which affect activity of the thoracic respiratory muscles (8, 9, 19) . Furthermore, mechanical evidence suggests that the geniohyoid muscle may have a greater functional impact on respiratory movement of the hyoid arch than do certain infrahyoid muscles such as the sternohyoid muscle (19, 33) . Several differences were noted in the present study between geniohyoid I-MU and I/E-MU in the pattern of discharge during inspiration. The tendency for activity of I/E-MU to start firing earlier than the I-MU is reminiscent of feline phrenic nerve and diaphragm MU subpopulations, in which only the early onset MU continue to fire during the early part ofexpiration (24) . However, in contrast to the diaphragm MU subpopulations, the geniohyoid I-MU and I/E-MU did not have clearly separable onset times. The generally earlier inspiratory offset times of I-MU compared to I/E-MU suggests that the former MU account for much of the mid-to late-inspiratory decline in the intensity ofinspiratory activity typically noted in EMGs of upper airway dilating muscles, and the corresponding increase in upper airway resistance during late inspiration from its early-to mid-inspiratory nadir (12-20, 28, 40-42) .
Neurophysiologically expiration has been divided into early and late phases (24, 36, (43) (44) (45) (46) . The firing of geniohyoid I/E-MU during expiration did not appear to be strongly modulated by the two phases of expiration. Upper airway resistance increases during the course of expiration, reaching a peak value near end-expiration (28, (40) (41) (42) . The smaller degree of pharyngeal dilator muscle activity during expiration compared to inspiration (6-9, 13-19, 29) appears to result from many MU being silent (the I-MU) as well as reduced firing rates of MU which remain active (the I/E-MU). The wide distribution of expiratory offset times of geniohyoid I/E-MU suggests that an orderly quiescence ofupper airway dilator MU accounts for the gradually incrementing airway resistance during the course of expiration. In two previous studies we noted that at times the geniohyoid muscle and the alae nasi muscle (a nasal dilator) underwent a period of shortening at or near mid-expiration (19, 35) . MU were identified in the present study which can account for this behavior.
Preventing lung expansion during inspiration stimulates the peak and duration of upper airway dilating muscle EMG during inspiration, and in addition changes the early peaking pattern of electrical activity to one that is late-peaking (12, 17, 29, 30, 32) . Consistent with the results of Sica et al. (12) , we found that MU firing frequency increased, and, although not quantified in the present study, MU not active during unobstructed breathing were recruited in the absence of lung expansion. The effects of lung volume related afferents on upper airway muscle and cranial nerve activity during expiration are more controversial, with some studies indicating an augmentation and others a reduction in activity in the absence of lung inflation (12, 28, 31, 32) . It was unclear from previous work whether regional differences might exist among airway dilating muscles in their expiratory responses to pulmonary stretch receptor afferents, or whether recordings from the hypoglossal nerve might be non-specific regarding pharyngeal dilator versus constrictor muscle activity. In the present study, in which MU activity was recorded from a well defined pharyngeal dilator (8, 9, 11, 15, (33) (34) (35) , lung volume-related afferents stimulated expiratory activity. Barillot and Dussardier (47) described laryngeal MU which were tonically active but fired more rapidly during inspiration than during expiration. Lung volume afferents inhibited these MU during inspiration but excited them during expiration. This gating of afferent input during the respiratory cycle is consistent with the responses of the geniohyoid I/E-MU in the present study.
The influences of lung volume-related afferents on phrenic and diaphragm MU activity are inhibitory during both inspiration and expiration (28, 48) . During inspiration, upper airway dilating muscles act synergistically with the diaphragm to maximize the rate and extent of lung expansion. During expiration, postinspiratory (early expiratory) activity of the diaphragm reduces the rate of expiratory airflow; in contrast, expiratory contraction of upper airway dilating muscles augments expiratory airflow by reducing upper airway resistance. Therefore, although lung volume-related afferents have opposite neurophysiological effects on the expiratory firing of the diaphragm and geniohyoid muscles, the reduction of diaphragm early expiratory activity and the augmentation of geniohyoid expiratory activity result in uniform mechanical consequences.
The present study was performed in acutely anesthetized as opposed to chronically instrumented nonanesthetized animals for several reasons: (a) Studies in anesthetized animals allow recordings to be made from a large number of MU, reducing the chance for random sampling error. (b) The quality of MU recordings is better in the anesthetized than in the chronically instrumented animal preparation. Lesser quality MU recordings have an inherent bias towards picking up well-discriminated activity from larger MU. MU of the phrenic and recurrent laryngeal nerves and of nerves supplying non-respiratory muscles are recruited sequentially on the basis of size (25, 47, 49, 50) and this is likely to be true for the hypoglossal nerve and geniohyoid muscle as well. Thus a bias towards recording from large MU would substantially affect the analysis of MU behavior. (c) Activity of the upper airway muscles is strongly influenced by relatively minor alterations in position of the head and neck (51), a problem which is avoided in an anesthetized animal model.
Respiratory-related activity of upper airway muscles and cranial nerves is influenced to a greater extent by anesthetics and sedatives than is the activity ofthe diaphragm and phrenic nerve (52) (53) (54) . Similarly, slow wave and especially rapid eye movement sleep result in diminutions of upper airway muscle activity which may exceed reductions in diaphragm activity (55) (56) (57) . It is likely that the sleep state and pharmacologic agents have different effects on MU activity. In the present study data were recorded under hypercapnic conditions to assess the behavior of MU with a wide variety of thresholds, and hence partially compensate for the depressive effects of anesthesia on MU activation. Nonetheless, the data of the present study may be more applicable to the patient with upper airway obstruction resulting from anesthetics and sedatives than to the patient with obstructive sleep apnea. Of interest, however, are reports indicating that agents such as alcohol and benzodiazepines which diminish upper airway muscle activity more than diaphragm activity (52, 58) may precipitate or worsen obstructive apneas during sleep (59-61).
